This paper addresses the structural and thermodynamical properties of Ar 55 clusters. A description of thermodynamical and structural properties is given. Caloric curves for the microcanonical and the canonical ensemble have been obtained by molecular dynamics simulations and histogram methods. The structure of the clusters is investigated by defining basins of minima on the potential energy surface with a disconnectivity tree. Further, an approximation of the system's partition function is discussed.
Introduction
The technical development is reaching nanoscale regions where the material does not show conventional bulk behavior anymore. Hence, the investigation of systems containing N = 10 . . . 1000 atoms or molecules where the assumption of the thermodynamical limes is no longer valid has become an important task. In this paper, we present some aspects of structure and thermodynamics of Ar 55 clusters.
As clusters contain many surface atoms, many assumptions made in conventional thermodynamics are no longer valid. Clusters can be called solid-like at low temperatures and liquid-like at high temperatures, but in contrast to the bulk behavior an intermediate range of temperatures exists where clusters show both solid and liquid behavior.
1 As a consequence of this the heat capacity does not show a discontinuity but a smooth peak. 2 To explain and show this, we performed molecular dynamics simulations combined with histogram methods.
Moreover, we mapped the potential energy surface (PES) of clusters in order to characterize the preferred cluster structures and transitions between them. In order to do this, we calculated a selection of stationary points on the PES and connections between these. With the resulting data-base we discuss the connectivity of the icosahedral ground state and similar structures. Finally we discuss some aspects and problems of approximating the partition function with the set of minima. Another approach could be the investigation of collective motions of argon clusters.
Methods
We simulated and computed 55-atom cluster making use of the pairwiseadditive Lennard-Jones potential:
, where r ij = |r i − r j | is the distance between the particles. We chose = 1.65324 · 10 −14 erg and σ = 0.3405 · 10 −9 m in order to get reasonable results for argon. 4 
Thermodynamics of Ar 55 by molecular dynamics simulations
Caloric curves for Ar 55 have been calculated by molecular dynamics simulations employing the velocity form of the Verlet algorithm. 5 In order to be able to derive results valid for the canonical ensemble the Nosé-Hoover thermostat 6 has been implemented. A crucial point in the simulation of clusters is the definition of their volume V . Here we make use of the method of spherical approximation. 7 At each simulation step the greatest distance of an atom from the center of mass while still having at least 4 neighbors at a distance less than 1.5σ has been determined. The volume of the cluster has then been taken to be the volume of a sphere with a radius of this distance.
For the microcanonical ensemble (constant energy), the mean kinetic energy for different total energies was determined. This was done by gaussian fits to one-dimensional histograms over the kinetic energy. These histograms were calculated from a sampling over 3·10 5 time steps of 10 −12 s after an equilibration run of 10 4 time steps. The temperature T is then defined by the equipartition theorem T = 2 K / (k B (3N − 6)) with the kinetic energy K and the number of atoms N , respectively.
From the simulations at constant temperature histograms of the (Φ, V ) distribution of the system were derived. Every histogram was calculated during 500 simulation runs, each iterating over 10 4 (low temperatures) time steps of 10 −12 s to 10 5 (high temperatures) time steps of 10 −13 s. The reduction of the time step was necessary to prevent the cluster's evaporation. After norming, the histograms are proportional to a probability function p(Φ, V ). E. g., the mean internal energy, the heat capacity and the mean volume can be calculated for the given temperatures.
7 Implementing the multiple histogram method, 8 the density of states Ω(Φ, V ) has been calculated. This is independent of T and the pressure p. Once Ω(Φ, V ) is obtained, thermodynamic quantities can be derived.
Mapping the Ar 55 potential energy surface
An approach to investigate the (3N − 6)-dimensional potential energy surface (PES) of the clusters is its description by some stationary points. A connected network of sequences (minima -transition states -minima) was constructed. At low temperatures only transition paths between different structures which correspond to the minimal energy pathes over first order saddle points should be possible. Because of that, saddle points were found with an eigenvector following method, 9 which started at low lying minima. Two minima connected unambiguously at T = 0 K have been determined by a steepest descent search (ṙ = −∇Φ(r)) starting at a previously found saddle point.
The computed data-set for Ar 55 comprises 3037 minima and 5298 saddle points. We assume that at least the 20 lowest lying structures and the most important low energy transition states are found.
Results

Thermodynamical results
In Fig. 1(a) , caloric curves for the microcanonical and the canonical ensemble are shown. The microcanonical internal energy exhibits an S-shaped curvature in the coexistence region where both, solid-like and liquid-like states can occur. This can be understood by considering the constant energy U = Φ+K: The cluster switches between solid and liquid along the time scale. In solidlike states, the cluster's configuration has a lower configurational energy Φ. Switching to liquid-like states, it is increasing its configurational energy, hence the kinetic energy has to be reduced to keep the total energy constant. Because of this, the same mean kinetic energy can be obtained at different total energies.
The canonical caloric curve shows a smooth, monotonic change from solid to liquid. In Fig. 1(b) , the corresponding heat capacity is presented, with a peak in the transition region. With increasing number of atoms N , this peak will become sharper and taller and finally, in the bulk limit, leading to a discontinuity for c(T ).
In Fig. 2 the (Φ, V ) histogram for T = 35.4 K is shown. A double peak structure is observed giving evidence of the coexistence of the solid and the liquid phase. The tall peak at smaller volume and configurational energy represents the solid phase. Towards lower temperatures, this peak will dominate while the other one vanishes. On heating, the liquid peak at higher volume and configurational energy will enlarge. As this peak covers a larger area on the (Φ, V )-plane, it gets clear that the cluster's shape and structure fluctuates strongly in the liquid phase. The small third peak at high volume but low energy represents solid, defective icosahedral structures.
With seven histograms at temperatures from 30 to 37.2 K in the phase change region, including that one in Fig. 2 , the internal energy U (T ) and the heat capacity c(T ) represented by the solid lines in Fig. 1 (a) and (b) , respectively, have been calculated. These give a smooth approximation to the data obtained by the histograms. An extension of this method in order to predict the system's behavior at nonzero pressures is planned. Calculations of caloric curves of systems with additional inert-gas atoms in order to simulate finite pressures are in progress. 
Structural Properties
One way to describe the shape and topography of the PES of clusters is a microcanonical disconnectivity tree. 11 Every leaf of such a tree represents a local minimum, the relative height giving its potential energy. The nodes define basins, which consist of all connected minima and nodes, i.e. smaller basins with lower energy. These are placed on a ladder with discrete energy spacing ∆E. For each node at energy E n saddle points below E n exist. These transition states connect the lower minima or basins of the vertices which branch from the node. Each basin corresponds to a closed PES area which can be reached in a microcanonical system. The given energy-step ∆E defines a kind of magnitude of the tree. Graphs with small ∆E emphasize the connectivity of local areas of the PES, greater energy-steps pronounce the general structure of the surfaces. In Fig. 3 such a tree is shown for the 50 lowest found minima of Ar 55 . An intermediate resolution was chosen (∆E = 0.55 ). For symmetric configurations the class of their point group is given at the corresponding branch end.
The global minimum (icosahedron structure) is separated energetically from the next higher configurations, which are icosahedrons with one defect. Possibly it is these configurations which give rise to the small third peak in 2. Above them the enormous number of liquids like minima form a huge basin. The first of them, (the 12th-lowest structure) a twisted icosaedron with C 5v symmetry, is separated from the global minimum by a relatively high transition state. The central basin comprises at least 1306 minima before this one will become connected to it. At slightly higher energies some more of those degenerated icosahedron structures exist.
For kinetic and thermodynamic discussions it is necessary to know the partition functions for the stationary points. Its contribution around a stationary point r can be approximated within a harmonic approximation of the potential energy function Φ(r + δr) = Φ(r) + of the minima, one can get a first impression of the kinetics of the PES. These mean vibrational frequencies are shown in Fig. 4 for Ar 55 . Again the 12th lowest structure is remarkable (marked with an arrow), because its contribution to the partition function Z is much higher than that of the energetically neighbouring minima, due to its low mean vibrational frequences. However, at high temperatures the approximation of Z will become very bad, because only the few minima with very low vibrational frequencies dominate the partition functions behavior in this picture. It seems that the configurational space area occupied by these minima is largely overestimated in this simple theory. In the next stage, rate constants between the minima will be computed by using, for example, the RRKM theory. 13 A master equation for the occupational propability of the structures can be solved to get an approximation of the structural dynamics of the system.
11,14,15
Conclusions
The investigation of Ar 55 clusters by molecular dynamics (MD) simulations has been performed successfully, partially by transferring methods originally developed for Monte Carlo simulations (MC) 2, 7, 8 to MD. With MD, a couple of problems, for example evaporation of cluster atoms, can be avoided or minimized. Caloric curves for the canonical ensemble have been obtained by calculating the density of states from (Φ, V ) histograms. Simulations of nonzero pressure will be done soon. Further it is planned to extend our paper-ges: submitted to World Scientific on September 28, 1999 calculations to simulations making use of embedded atom method potentials.
Classification of the PES of a system with separated regions is a powerful method to get an overall picture of cluster behavior: possible structures and their connectivity, kinetic behavior and thermodynamical properties can be explained. However, the quality of the data base is very sensitive to a correct selection of the essential minima and transition states. At temperatures of melting and fluid-like phases the simple reduction of the PES to regions around minima and transitions over first order saddle points becomes invalid. A more careful selection and weighting of the minima, combined with the inclusion of anharmonicities accounting to Z has to be used to model the correct melting behavior in this approach. 12, 13, 16 For low temperatures, both structural, and dynamic properties of clusters with different potentials or sizes can be easily compared and understood.
